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Joint action of polycyclic aromatic hydrocarbons:
Predictive modeling of sublethal toxicity
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) typically contaminate the environment as complex assemblages of different chemi-
cal compounds. Modeling approaches provide a means of estimating the toxicity of these PAH mixtures. In the present study, we
tested the hypothesis that the joint effects of four PAHs: pyrene, phenanthrene, fluoranthene and naphthalene, on the growth rate
of the crustaceanDaphnia magna during sub-chronic exposure could be accurately predicted using a mathematical algorithm
for concentration addition based upon the assumption that these PAHs impact growth by a common mode of action. Assessment
of the individual toxicity of the four PAHs confirmed that these compounds elicited the common effect of retarding growth of
daphnids at concentrations below those that were lethal to the organisms. Using the experimentally derived toxicity parameters
for the individual chemicals, the toxicity of multiple mixtures of these four PAHs was modeled. These mixtures were based
on concentrations reported in the environment and on equi-toxic concentrations. The effects of over 140 combinations of four
mixture formulations on the growth rate of daphnids were experimentally determined and compared to model predictions. The
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concentration addition models tended to over predict the joint toxicity of these PAH mixtures and experimental data w
represented by an alternative model based upon the concept of independent joint action. Mixtures at environmental
concentrations were predicted and experimentally demonstrated to have no effect on daphnid growth rates. Resu
that PAHs elicit toxicity to daphnids by multiple mechanisms and demonstrate an appropriate modeling approach to
toxicity of these mixtures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are con-
tinually introduced into the environment through both
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natural and human activities including incomp
combustion from the burning of fossil fuels, forest fi
and volcanic activity (Baek et al., 1991; ATSDR, 19
Howsam and Jones, 1998). They may also enter aq
systems from industrial and water treatment pla
seepage, and accidental spills (ATSDR, 1995). T
chemicals have become nearly ubiquitous in fresh
ter rivers, streams and lakes. Of the 126 toxicants

0166-445X/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquatox.2005.08.007



254 A.W. Olmstead, G.A. LeBlanc / Aquatic Toxicology 75 (2005) 253–262

US Environmental Protection Agency has designated
as “priority toxic pollutants” under the guidance of the
Clean Water Act, 16 are PAHs. Owing to the nature
of their formation, however, they are never present as
single chemical compounds, but rather exist in the envi-
ronment as mixtures (ATSDR, 1995). The development
and validation of predictive models for estimating the
effects of exposure to PAH mixtures will enhance the
risk assessment for these toxicants.

One methodology that has been used to predict
the toxicity of defined mixtures in aquatic toxicology
is concentration addition (Niederlehner et al., 1998;
Altenburger et al., 2000; Cleuvers, 2003). Concentra-
tion addition is expressed mathematically as:

n∑
i=1

Ci

ECxi
= 1 (1)

whereCi is the concentration of theith constituent of a
mixture ofn chemicals andx is the effect of the whole
mixture. ECxi is the concentration of theith constituent
that elicits the same response as the mixture (x) when
exposure occurs to that chemical alone. The underlying
assumption of concentration addition models is that the
chemicals composing the mixture elicit their effects via
the same mode of action.

The toxic equivalency approach is derived from
concentration addition when one further assumes
that the individual chemicals within a mixture have
concentration–response curves that are parallel to one
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2005). The toxic equivalency approach has also been
applied to PAHs with respect to carcinogenicity (see
review (Delistraty, 1998)), however, its applicabil-
ity to PAH mixtures in aquatic toxicology is largely
undetermined.

The alternative approach to predicting mixture
response based on individual chemical parameters is
that of independent joint action (Bliss, 1939; Backhaus
et al., 2000) which is expressed mathematically as:

Rmix = 1 −
n∏

i=1

(1 − Ri) (3)

where Rmix is the total mixture’s response andRi

is the response of chemicali. This method is based
on probability theory where one is combining inde-
pendent probabilities of an event occurring and then
subtracting the overlap. In this approach, the underly-
ing assumption is that the individual constituents each
elicit their response through differing mechanisms of
action.

In this study, we evaluated the effects of four PAHs,
both individually and in mixtures, on growth rates of
the water flea,Daphnia magna. Using values obtained
from a recent survey of freshwater streams in the United
States (Kolpin et al., 2002), we modeled and exper-
imentally determined whether mixtures of these four
chemicals would impact daphnid growth rates at envi-
ronmentally relevant concentrations. We then evaluated
the toxicity of equi-toxic mixtures of these PAHs in
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entrations of chemicals to that of a reference chem
sing the ratios of the EC50s (Safe, 1998). This ca
xpressed mathematically as:

eff =
n∑

i=1

Ci × EC50r

EC50i
(2)

hereCeff is the effective concentration of the m
ure in terms of the reference chemical, r. HereCi

epresents the concentration of each chemical in
ixture and EC50i represents the EC50 of the resp

ive (ith) chemical. EC50r is the EC50 of the referen
hemical. This approach has been used extens
n the assessment of mixtures of dioxin-like che
cals, where the reference chemical used is TC
Kovacs et al., 1993; Newstead et al., 1995; H
t al., 1996; Zabel et al., 1996; Steevens et
rder to compare models of concentration addition
ndependent joint action for these PAHs. For all m
ures we hypothesized that joint action of these P
ould be best modeled using a concentration add
pproach due to a presumed common mode of a
f the chemicals.

. Materials and methods

.1. Cultures

The line of daphnids used in these experiments
een cultured at North Carolina State University
ver 10 years with culture conditions described
iously (Baldwin and LeBlanc, 1994). Daphnids w
ultured in 1 L of medium at a density of 40 animals
eaker with medium changes three times a week.
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was provided twice daily in the amount of 1.4× 108

cells of the green algae,Selenastrum capricornutum,
and ∼4 mg dry weight of a fish food homogenate
(Tetrafin, Pet International, Chesterfill, NSW, Aus-
tralia). Cultures were maintained in an environmen-
tal chamber with a 16:8 h light:dark photoperiod at
20◦C. Algae were cultured in Bold’s Basal medium
at room temperature and constant lighting. All experi-
ments were begun with daphnids at an age of less than
24 h old.

2.2. Single PAH exposures

The effects of four PAHs listed as priority pollutants:
pyrene (Fluka Chemika, Milano, Italy), naphthalene
(Fluka Chemika), phenanthrene (Sigma–Aldrich, St.
Louis, MI, USA) and fluoranthene (Sigma–Aldrich) on
daphnid growth rates were characterized individually.
The purity of each PAH was >99.0%. Each experi-
ment consisted of 50 nominal concentrations of the
PAH and 10 control treatments. PAHs were delivered to
the aqueous media in ethanol. Solutions were replaced
every other day. All treatments, including controls, con-
tained <0.01% (v/v) ethanol and was constant in all
treatments for a given experiment. Only one daphnid
was exposed to each concentration, which was prepared
at either 90 (fluoranthene, phenanthrene and naphtha-
lene) or 95% (pyrene) of the next highest concentra-
tion. The highest concentration in each experiment was
based on acute studies and chosen to approximate the
l riod
o r the
p oved
a the
e pace
t m-
e id,
t tted
a res-
s rate
f wth
r revi-
o n of
t ken
a owth
r rate
r was
p

Inc., Northampton, MA, USA) and fitted with a sig-
moidal concentration–response curve in the following
form:

R = 100

1 +
(

EC50
C

)ρ (4)

whereR is the growth rate reduction expressed as a
percentage,C the concentration of the PAH and EC50
and ρ are parameters of the concentration–response
curve representing the concentration that elicits a 50%
response and the power of that curve, respectively.
These fitted parameters were then used in subsequent
mixture modeling.

2.3. PAH mixture exposures

Mixture exposures were similar in design to the
individual PAH toxicity characterization experiments.
Each exposure was based on a defined mixture of PAH
concentrations that was designated as the base level for
a given exposure. Concentrations of the PAHs in the
base levels of all the mixtures are presented inTable 1.
Dilutions and fortifications of the mixtures were used
as treatments, with each treatment consisting of a con-
centration 90% of the next highest treatment level.
These were fixed ray type mixture exposures, where
all treatments in an experiment consisted of PAH con-
centrations in the same ratio. Again, one daphnid was
exposed to each treatment. Environmentally relevant
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o the base of the tail spine with an ocular micro
ter (4× or 10× magnification). For each daphn

he lengths of the first four exoskeletons were plo
gainst the molt number and fitted with linear reg
ion. The slope of this line represents the growth
or the daphnid. This approach to measuring gro
ates in daphnids is described in greater detail in p
us work (Olmstead and LeBlanc, 2001). The mea

he growth rates from the control daphnids was ta
s the normal growth rate and treated daphnid gr
ates were expressed as the percentage growth
eduction due to PAH exposure. Experimental data
lotted with Origin software (MicrocalTM Software
ixtures were based on values reported in a recen
ey of US streams (Kolpin et al., 2002). One mixt
onsisted of the PAHs in a ratio identical to the med
etected concentrations reported, while another

able 1
ase levels of PAHs for three mixture formulations examined

AH Mixture

Median
(�g/L)

Maximum
(�g/L)

EC05
(�g/L)

yrene 0.050 0.84 22
henanthrene 0.040 0.53 46
luoranthene 0.040 1.2 39
aphthalene 0.020 0.080 690

edian and maximum values were obtained from a survey of f
aters in the United States (Kolpin et al., 2002). EC05 value
ased on the individual chemical toxicity evaluations and were
ulated using Eq.(4).
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sisted of a ratio of maximum detected concentrations
of each PAH reported in the survey.

Further mixture experiments were performed to
evaluate the appropriateness of using a toxic equiva-
lency model versus an independent joint action model.
One experiment had the same design as the environ-
mental survey-based mixtures, using a base level where
each individual PAH was present at its EC05 (Table 1).
Each treatment level was set at 95% of the next high-
est treatment level. Another experiment examined a
series of mixtures where treatments consisted of each of
the four PAHs at equi-toxic concentrations. Equi-toxic
mixtures of PAHs ranged from treatments consisting
of all chemicals at their EC005–EC15 level. For this
experiment 10 daphnids were individually exposed to
each treatment and treatments were compared to the
control with a Dunnett’st-test (Piegorsch and Bailer,
1997).

2.4. Mixture model

The predicted effects of the various mixtures were
determined by combining Eqs.(2) and(4) yielding the
following:

Rmix = 100

1 +
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3. Results

3.1. Single PAH exposures

Individual exposure to non-lethal levels of each of
the PAHs resulted in reduced growth rates (Fig. 1).
EC50 andρ parameters for each PAH derived from
these exposures are presented inTable 2. Pyrene and
fluoranthene reduced growth rates at similar concen-
tration ranges,∼10–100�g/L. Phenanthrene reduced
growth rates at∼40–400�g/L. Naphthalene was less
effective at retarding daphnid growth rates, eliciting
effects at concentrations >1000�g/L.

3.2. Mixtures

The effects of PAH mixtures, in which the ratio
of the individual constituents was equivalent to the
ratio of the chemicals when present at their median
environmental levels, was modeled using the concen-
tration addition approaches (Fig. 2A, toxic equiva-
lency, solid line; general concentration addition, dot-
ted line). Both models indicated that PAHs present
at their median environmental levels (base level = 1,
Fig. 2A) would elicit no adverse effect on growth of
daphnids. The models indicated that adverse growth
effects would become apparent at PAH levels approxi-
mately 100 times the median environmental concentra-
tions. The models further predicted that daphnid growth
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hereRmix is the response of the mixture,Ci and EC50i
he concentration and EC50 of a given PAH andρ′
s the average power of the concentration–resp
urves for the four PAHs.Ceff and EC50r in Eq. (2)
as inserted into Eq.(4). Since the EC50r is can-
elled out, it is not necessary to implicitly state a
rence PAH for our mixtures (Olmstead and LeBla
005). The toxicity of each mixture was modeled
oncentration additivity using Eq.(5) for the toxic
quivalency approach and Eq.(1) for the genera
oncentration addition model by iteratively solv
or the mixture effect (x). Mixture toxicity also wa
odeled according to independent joint action (

3)). Model predictions and experimental results w
ompared using coefficients of determination (Z
996).
ates would be progressively reduced at mixture le
etween 100 and 1000 times the median environm
oncentrations.

Direct evaluation of the effects of this PAH mixtu
n daphnid growth rates supported the concentra
ddition model predictions (Fig. 2A). The coefficie
f determination (r2) for the toxic equivalency mod

able 2
arameters used to model the toxicity of PAH mixtures

AH EC50 (�g/L) ρ

yrene 72.7± 7.8 2.41± 0.64
henanthrene 349 ± 19 1.46± 0.12
luoranthene 194 ± 11 1.85± 0.17
aphthalene 4610± 820 1.55± 0.29

alues were determined from individual toxicity tests and are
esented as the parameter estimate plus or minus the error
stimate. Data from individual PAH toxicity assessments we
ith Eq.(4) to yield the parameters.
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Fig. 1. Reductions in growth rate of daphnids exposed to concentrations of individual PAHs. Each data point represents the percentage growth rate
reduction of a single daphnid when compared to the mean growth rate of 10 control daphnids. The horizontal solid line depicts the performance
of the control organisms and the horizontal dashed lines represent the standard deviation of the control response. The curve fit to the data was
derived using Eq.(3). (A) Pyrene; (B) phenanthrene; (C) fluoranthene and (D) naphthalene.

was 0.73, indicating that 73% of the variation in growth
rate reduction measured among exposed daphnids was
accounted for by the model. The general concentra-
tion addition model yielded predictions comparable to
those observed using the toxic equivalency approach
(r2 = 0.77).

PAH mixtures were next evaluated in which the
ratio of the individual constituents was equivalent to
the ratio of the chemicals when present at their max-
imum reported environmental levels. Both the toxic
equivalency and general concentration addition models
indicated that PAHs present at their maximum environ-
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Fig. 2. Reductions in growth rates of daphnids exposed to envi-
ronmentally relevant PAH mixtures. Each data point represents the
percentage growth rate reduction of a single daphnid when com-
pared to the mean growth rate of 10 control daphnids. The solid lines
represent the model prediction of the response of the organisms to
the mixtures using the toxic equivalency model. The dashed lines
represent the model predictions using the independent joint action
approach. The dotted lines represent the general concentration addi-
tion model. (A) Base level is the set of PAH concentrations reported
as median detected concentrations in a survey of US freshwaters
(Kolpin et al., 2002). (B) Base level is the set of PAH concentrations
reported as the maximum detected concentrations in the same survey.

mental levels (base level = 1,Fig. 2B) would elicit no
adverse effect on growth of daphnids; however, adverse
effects on growth rate would become evident at expo-
sure levels approximating five times reported maxi-
mum levels (Table 1). The models further predicted that

daphnid growth rates would be progressively reduced
with increasing mixture exposure levels greater than
this threshold level.

Direct evaluation of the effects of this PAH mix-
ture on daphnid growth rates indicated that the con-
centration addition models (Fig. 2B, toxic equiva-
lency, solid line; general concentration addition, dot-
ted line) overestimated the toxicity of this mixture
(Fig. 2B). The threshold response level for the mix-
ture was approximately three times (∼15×base level)
that estimated by the concentration addition models.
Further, the low coefficient of determination (r2) for
the toxic equivalency (0.46) and general concentration
addition (0.53) models indicated a significant reduc-
tion in predictive capability of these models using this
data set.

Both mixture formulations were re-evaluated using
the independent joint action (Eq.(3)) model in an effort
to discern whether the PAH mixtures better conform
to this approach. When using the mixture formula-
tion consisting of a ratio of PAHs when present at
median environmental levels, the performance of the
independent joint action model was comparable to
that of the concentration addition models (r2 = 0.71
for independent joint action model,r2 = 0.73 for toxic
equivalency model andr2 = 0.77 for the general con-
centration addition model,Fig. 2A). The independent
joint action model appreciably improved the predictive
modeling for the mixture consisting of a ratio of PAHs
representing maximum environmental levels (r2 = 0.77
f
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or independent joint action model,r2 = 0.46 for toxic
quivalency model andr2 = 0.53 for the general co
entration addition model,Fig. 2B).

Results from these mixtures experiments sugge
hat the combined toxicity of the PAHs better confor
o a model for independent joint action as oppo
o concentration addition. In an attempt to confi
hat the toxicity of PAH mixtures better conforms

model of independent joint action, the effect o
AH mixture on growth rate reduction was mode
nd experimentally determined when the base lev

he mixture contained each PAH at its EC05 le
ifty dilutions or fortifications of this mixture wer

ested directly and modeled according to conce
ion addition (both toxic equivalency model and gen
oncentration addition model) and independent
ction (Fig. 3A). The independent joint action mo
as appreciably more accurate in modeling the t
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Fig. 3. Modeled and measured growth rates of daphnids exposed to
equi-toxic PAH mixtures. Growth rate reduction represents the per-
centage growth rate reduction when compared to the mean growth
rate of 10 control daphnids. The solid lines represent the prediction of
the response of the organisms to the mixtures using the toxic equiva-
lency model. The dashed lines represent the model prediction using
the independent joint action approach. The dotted lines represent the
general concentration addition model. (A) Each data point represents
the percentage growth rate reduction of a single daphnid. Base level
represents the mixture of PAHs with each constituent present at its
EC05 level. (B) Each data point represents the mean and standard
deviation growth rate reduction of ten daphnids exposed to various
equi-toxic mixtures of the PAHs.X-axis represents effect concentra-
tion (i.e. EC02, EC04, etc.) at which each constituent of the mixture is
present. An asterisk denotes a significant difference from the control
response (α= 0.05, Dunnett’st-test).

city of the mixture than either concentration addition
methods (r2 = 0.87 for independent joint action model,
r2 = 0.59 for toxic equivalency model andr2 = 0.54 for
the general concentration addition model,Fig. 3A).

Finally, seven equi-toxic mixtures of the PAHs rang-
ing from a mixture of each chemical at its EC005
level to its EC15 level were modeled and experimen-
tally evaluated for toxicity (Fig. 3B). Again, the inde-
pendent joint action model was much more accurate

(r2 = 0.65) at modeling the effects of the mixtures on
daphnid growth rate as compared to the toxic equiv-
alency (r2 = 0.32) or general concentration addition
(r2 = 0.33) models.

4. Discussion

Based on an assumption of common mode of action
among the four PAHs evaluated, we hypothesized that a
concentration addition model would accurately predict
the effects of exposure to mixtures of these chemi-
cals on daphnid growth rates. In general, both concen-
tration addition models over-predicted the responses
when compared to experimental results. The alternative
model of independent joint action, that does not assume
a common mode of action, more accurately predicted
the toxicity of the mixtures. Despite this increase in
performance, predictions between all models were not
dramatically different, and all models would provide
a reasonable prediction of the toxicity of mixtures of
these PAHs.

One explanation for the discrepancy between the
responses predicted by the toxic equivalency approach
and the experimental results is a violation of the
assumption of a common mode of action among the
four PAHs. PAHs can elicit toxicity through several
mechanisms. These include non-polar narcosis, adduct
formation, the generation of reactive oxygen radicals
a van
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nd hormonal disturbance (Arfsten et al., 1996;
rummelen et al., 1998; Teles et al., 2005). Mode
fforts may have been slightly compromised by dif
nt PAHs eliciting effects on growth by different me
nisms of action. For example, fluoranthene is a w
cdysteroid receptor antagonist inDrosophila B11 cells
Dinan et al., 2001). Antagonism of the ecdyste
eceptor can interfere with molt frequency (Mu a
eBlanc, 2002) which can negatively impact grow
ate, as was measured in the present study.

The PAH pyrene has been shown to modify
bility of ecdysone to activate the ecdysone rece

n an EcR reporter gene construct and in ecdyste
esponsive C1.8 cells (Oberdorster et al., 1999).
uthors concluded that this effect was independe
ny interaction of pyrene with the EcR. Based u

hese observations, pyrene may perturb ecdyst
ignaling and impact growth rates though a mecha
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distinct from that of fluoranthene. We noted that both
pyrene and phenanthrene decreased molt frequency of
the daphnids; whereas, naphthalene and fluoranthrene
did not elicit this effect. Thus, pyrene and phenan-
threne may have elicited effects on growth rates through
a molting-dependent pathway that was distinct from
the mode of action of naphthalene and fluoranthene.
A multiplicity of targets by which the PAHs affected
growth could explain the increased precision of the
independent joint action model over the concentra-
tion addition model in defining the combined effects of
the PAHs.

A toxic units approach (akin to the general con-
centration addition approach used in this study) has
been used to predict the acute toxicity of sediment-
associated PAH mixtures to aquatic organisms with
varying levels of success. Concentration addition mod-
eling using toxic units under-predicted the toxicity of
PAH mixtures to three invertebrate species leading
the authors to conclude that the PAHs acted syner-
gistically (Verrhiest et al., 2001).Swartz et al. (1995)
reported no significant differences between observed
toxicity of PAH mixtures to amphipods and modeled
toxicity using an approach incorporating toxic units.
However, the same model slightly, but significantly,
overestimated toxicity associated with a mixture of
photoactivated PAHs (Swartz et al., 1997). In all cases
and consistent with our results, the reported deviations
from concentration additivity were not great and the
concentration addition models provided a reasonable
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Helge et al., 2002; Silva et al., 2002). In the absence
of chemical interactions that can modify toxicity (i.e.
Mu and LeBlanc, 2004; Rider and LeBlanc, in press),
mixtures of chemicals that are individually present at or
below their individual threshold effect levels, can elicit
significant toxicity if the chemicals are like acting and
conform to a model of concentration addition. How-
ever, significant toxicity of the mixture would not be
expected if the constituents elicit toxicity via different
mechanisms and conform to a model for independent
joint action (note that model predictions of effects are
always greater using the concentration addition model
as compared to the independent joint action model in
Figs. 2 and 3). Results from the present study demon-
strate that combined toxicity for these PAHs, when
constituents were present at concentrations that indi-
vidually elicited little toxicity (i.e. EC02, EC03, etc.
levels inFig. 3B) elicited toxicity no more than that
expected by the individual constituents. Thus, this mix-
ture would not be expected to elicit significant toxicity
when individual constituents are present at sub-effect
levels.

In the present study, PAH mixture effects were mod-
eled and experimentally evaluated at concentrations
that were relevant to ambient freshwater environmen-
tal levels. While the PAH formulations did adversely
impact growth rates of the daphnids, these effects were
predicted to occur and were measured at mixture levels
≥100 times greater than reported median environmen-
tal levels of the four compounds (Kolpin et al., 2002).
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he four compounds. These results suggest that ty
mbient levels of these four common PAHs in comb
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ue to additive or synergistic interactions among
onstituents. PAHs, however, are known to unde
hotoactivation, which could result in increased t

city beyond those measured in the present study u
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